This study investigated the prevalence, electrocardiographic and electrophysiological characteristics, and ablation outcome of idiopathic ventricular arrhythmias (VAs) originating from the infundibular muscles (IFMs) in the right ventricle consisting of the parietal band (PB) and septal band (SB).
T he major sites of idiopathic ventricular arrhythmia (VA) origins have been increasingly elucidated during the past 2 decades. Idiopathic VAs originate from specific anatomic structures and exhibit specific characteristics and challenges for catheter ablation that are associated with the properties and location of each anatomic structure. [1] [2] [3] [4] The right ventricular outflow tract (RVOT) is the most common site of idiopathic VA origins. In the right ventricle (RV), the tricuspid annulus (TA) is the second most common site of idiopathic VAs, [1] [2] [3] [4] [5] [6] and less commonly, idiopathic VAs can originate from some RV muscles. [7] [8] [9] Anatomically, the muscles of the RV may be divided into 3 groups: (1) trabeculae, (2) papillary muscles of the tricuspid valve, and (3) infundibular muscles (IFMs; Figure 1 ). 10 The muscles of the infundibulum are thick muscular bands, consisting of the septal band (SB) and parietal band (PB). The junction of these 2 bands is often indicated by a raphe or ridge extending from the superior papillary muscle to the nadir of the posterior pulmonary leaflet. This junction has been termed the crista supraventricularis. An extension of the SB is the moderator band, which usually extends inferiorly to the site of attachment of the anterior papillary muscle in the anterior wall. The PB extends across the tricuspid orifice onto the anterior wall, fading out above the area of the attachment of the anterior papillary muscle.
The PB has been recently described as a site of idiopathic VA origins, 9 but idiopathic VAs originating from the SB have never been reported. In this report, we describe the IFMs as distinct sites of idiopathic VA origins and reveal the electrocardiographic and electrophysiological characteristics and outcome of catheter ablation of idiopathic VAs originating from this site.
WHAT IS KNOWN?
• Idiopathic ventricular arrhythmias (VAs) less commonly can originate from some right ventricular muscles.
• The parietal band has been recently described as a site of idiopathic VA origins, but idiopathic VAs originating from the infundibular muscles comprising the parietal and septal bands have never been reported.
WHAT THE STUDY ADDS?
• Idiopathic VAs originating from the infundibular muscles were rare, and parietal band VAs were ≈3× as prevalent as septal band VAs.
• The electrocardiographic characteristics of the idiopathic infundibular muscle VAs were similar to those of idiopathic VAs originating from the right ventricular outflow tract and anterior to anteroseptal aspects of the tricuspid annulus despite a relatively early precordial transition and slow onset of the QRS complex.
• Catheter ablation of the infundibular muscle VAs was always challenging, requiring a large amount of radiofrequency energy delivery for a successful ablation with a relatively high recurrence rate.
METHODS

Patient Characteristics
The data, analytic methods, and study materials will be/ have been made available to other researchers for purposes of reproducing the results or replicating the procedure. The authors declare that all supporting data are available within the article. The study sample of the patients with idiopathic VAs originating from the IFMs were identified among a group of 294 consecutive patients from a single center (118 men, mean age 57±16 years [range, 12-90]) with symptomatic idiopathic sustained ventricular tachycardia (VT; n=35), nonsustained VT (n=52), or premature ventricular contractions (PVCs; n=207) with origins identified in the RV. Echocardiography and exercise stress testing or coronary angiography were performed to explore any evidence of structural heart disease in all patients. When any abnormalities, such as a reduction in the ejection fraction or ventricular dilatation, were found in the RV or left ventricle, cardiac magnetic resonance imaging was added for further investigation. The baseline characteristics, including the age, sex, left ventricular and RV function, nature of the clinical arrhythmia, and 12-lead ECG during the VAs were recorded. The institutional review board approved the study protocol, and all patients provided written, informed consent for the procedure. All antiarrhythmic drugs were discontinued for at least 5 halflives before the study.
Electrophysiological Study
For mapping and pacing, a quadripolar catheter was positioned via the right femoral vein in the His bundle (HB) region, and a deflectable decapolar catheter was positioned in the coronary sinus. Mapping and pacing were performed using a 7.5F, 3.5-mm tip irrigated ablation catheter (Navistar ThermoCool, Biosense Webster, Diamond Bar, CA) introduced from the right femoral vein. When few PVCs were observed at the beginning of the electrophysiological study, induction of VT or PVCs was attempted by burst pacing from the RVOT or apex with the addition of an isoproterenol infusion.
Mapping and Radiofrequency Catheter Ablation
Activation mapping was performed in all cases to identify the earliest site of ventricular activation during the VT or PVCs. Pace mapping was also performed using the distal bipolar electrodes at a pacing cycle length of 500 ms and at the minimum stimulus amplitude required for consistent capture (up to a maximum output of 20 mA and pulse width of 2.0 ms). The score for the pace mapping was determined as the number of leads with an identical height of the R wave/depth of the S wave ratio match (12 represented a perfect height of the R wave/depth of the S wave ratio match in all 12 leads), as well as the number of leads with a fine notching match in the 12-lead ECG as previously reported (perfect pace mapping was equal to 24 points). 5 An excellent pace map was defined as a pace map that obtained a score of ≥20.
Irrigated unipolar radiofrequency current was applied at the site with the earliest ventricular activation during the VAs and an excellent pace map. Irrigated radiofrequency current was delivered in the power-control mode starting at 30 W with an irrigation flow rate of 30 mL/min, and the radiofrequency power was titrated up to a maximum of 50 W. The goal of radiofrequency applications was to achieve a decrease in the impedance of 8 to 10 Ω with care taken to limit the temperature to <41°C. When an acceleration or reduction in the frequency of the VT or PVCs was observed during the first 10 seconds of the application, the radiofrequency delivery was continued for 30 to 60 seconds. Otherwise, the radiofrequency delivery was terminated, and the catheter was repositioned. The end point of the catheter ablation was the elimination and noninducibility of VT or PVCs during an isoproterenol infusion (4 μg/ min) and burst pacing from the RV (to a cycle length as short as 300 ms).
Anatomic Identification of the Sites of VA Origins
In this study, an RV gram and intracardiac echocardiogram were obtained to identify the anatomic site of the successful ablation (Figures 2 and 3) . On fluoroscopic images, the PB could be easily recognized as a hump just above the TA in the right anterior oblique projection. It was often difficult to identify the SB on fluoroscopic images because the SB is buried in the trabecular muscles ( Figure 2) . Identification of the SB on intracardiac echocardiogram 
Electrocardiographic Analysis
The simultaneous 12-lead electrocardiograms during the VAs and pace mapping were recorded digitally at a sweep speed of 100 to 200 mm/s in all patients for offline analysis. The QRS morphologies, including a bundle branch block pattern, axis, configuration in limb leads, and precordial transition, were examined. The QRS duration and maximum deflection time in the precordial leads were measured with electronic calipers by 2 experienced investigators blinded to the site of the origin. The QRS duration was measured as the interval between the earliest deflection of the ventricular complex in any of the 12 simultaneous leads to the latest offset in any lead and maximum deflection time from the QRS onset to the maximum (+) or (−) deflection in each precordial lead. If there were discrepancies between those results, they were adjudicated by a third investigator. The maximum deflection index was calculated by dividing the shortest time to the maximum deflection in any of the precordial leads by the QRS duration. 
Follow-Up
Follow-up after the procedure included clinic visits with a 12-lead ECG and 24-hour ambulatory (Holter) monitoring and telephone calls to all patients and their referring physicians. All patients who reported symptoms were given a 24-hour Holter monitoring or event monitor to document the cause of the symptoms. Successful catheter ablation was defined as no recurrence of any VAs during >6-month follow-up.
Statistical Analysis
IBM SPSS Statistics was used for the statistical analyses. Continuous variables are expressed as the group mean±1SD or median with the first and third quartiles (Q1-Q3). Comparisons 
RESULTS
Idiopathic VA origins were identified in the PB in a total of 14 patients (10 men, mean age 55±17 years [range, 18-76]) with symptomatic idiopathic sustained VT (n=4), nonsustained VT (n=2), or PVCs (n=8), and in the SB in a total of 5 patients (2 men, mean age 53±12 years [range 38-69]) with symptomatic idiopathic sustained VT (n=4) or nonsustained VT (n=1).
The basic demographics and clinical characteristics of these patients are summarized in Table 1 . In 2 patients with PB VAs and 1 patient with a SB VA, the VAs were exercise induced. The mean left and right ventricular ejection fractions were 60±12% versus 54±21% and 49±6% versus 48±6% in the patients with the PB and SB VAs, respectively. Four patients with PB VAs and 2 with SB VAs had a history of nonischemic cardiomyopathy, including a tachycardia-induced cardiomyopathy in 2 and 1 patients and other cardiomyopathy in 2 and 1, respectively. In these patients, cardiac magnetic resonance imaging revealed no evidence of scar in or around the PB. There were no significant differences in the age, sex, left ventricular ejection fraction, incidence of cardiomyopathy, or type of VAs between the patients with PB VAs and SB VAs.
Electrocardiographic Characteristics of the Infundibular Muscles VAs
The results of the electrocardiographic characteristics of the PB and SBs VAs are summarized in Table 2 with the representative electrocardiograms shown in Figure 4 . There were no significant differences in the mean QRS durations between the PB and SB VAs (194±41 ms versus 179±15 ms; P=0.4455). The QRS morphologies of the PB VAs were characterized by a left bundle branch block and left inferior (n=12) or superior (n=2) axis pattern while those of the SB VAs were characterized by a left bundle branch block and left inferior (n=4) or right inferior (n=1) axis pattern. All PB VAs exhibited R or r waves in lead I while s waves were present in lead I in 2 patients with SB VAs. A QS pattern in lead aVR and presence of a notch in the middle of the QRS were common in all PB and SB VAs. In 7 patients with PB VAs and 2 patients with SB VAs, the precordial transition was observed at earlier than or equal to lead V3. In 4 patients with PB VAs and 1 patient with a SB VA, the maximum deflection index was >0.5 with a slow onset of the QRS complex. There were no significant differences in any electrocardiographic characteristics between the PB and SB VAs.
Mapping and Catheter Ablation of the IFMs VAs
During the electrophysiological study, PB and SB VAs occurred spontaneously in 11 and 3 patients and were induced by an isoproterenol infusion in 2 and 1 and by ventricular pacing in 1 and 1, respectively. The activation map revealed a centrifugal activation pattern in all cases ( Figure 5 ). Rapid ventricular pacing did not entrain any PB or SB VTs. The results of mapping and catheter ablation are summarized in Table 3 . There were no significant differences in the number and duration of the radiofrequency applications delivered during the catheter ablation between the PB and SB VAs (median=9, Q1-Q3=6-11.5 versus median=6, Q1-Q3=3-7; P=0.184: median=9 s, Q1-Q3=6-11.5 s versus median=6 s, Q1-Q3=3-7 s; P=0.184). During a follow-up period of 43±24 months (8-84 months), successful catheter ablation was achieved in 10 patients with PB VAs and in all 5 patients with SB VAs. The PB VAs recurred after the initial catheter ablation procedure in the remaining 4 patients. In 2 of those 4 patients, the PVCs were significantly reduced by the ablation and became controllable with a β-blocker. The other 2 patients underwent additional procedures to achieve a successful ablation (3 procedures in 1 patient, and 2 in the other in total). The site of the successful ablation was identified in the lateral portion of the PB in 7 patients (Figure 6 ), anterior portion in 4, and septal portion in 3, and in the anterior portion of the SB in 2 patients (Figure 7) , and basal portion in 3 ( Figure 5 ). During mapping on the IFMs, no Purkinje potentials were recorded. At the successful ablation site, a ventricular pre-potential was recorded in 3 patients with PB VAs and 2 patients with SB VAs (Figures 5 and 7) , but no specific electrograms suggesting a reentrant mechanism were recorded in any patient. An acceleration of the VAs was observed dur- ing the successful radiofrequency applications in 10 patients with PB VAs and 5 patients with SB VAs. In all cases, a far-field ventricular electrogram earlier than or equal to the QRS onset was recorded in the HB region (Figures 5-8) . A change in the QRS morphology of the PB VAs was observed spontaneously in 4 patients, immediately after the ablation in 4, and at the time of the VA recurrence in 2 ( Figure 8) while that of the SB VAs was observed spontaneously in 1 patient. In these cases, the site of the successful ablation of the VAs was located away from the site with an excellent pace map of the original VA. There were no significant differences in any electrophysiological parameters between the PB and SB VAs. No complications occurred.
DISCUSSION
This study revealed that idiopathic VAs could originate from the IFMs in the RV, not only the PB but also the SB. Idiopathic VAs originating from the IFMs were rare and accounted for ≈6% of our patients with idiopathic VAs originating from the RV. The PB VAs were ≈3× as prevalent as the SB VAs. Idiopathic IFM VAs occurred based on a focal mechanism most likely with abnormal automaticity or triggered activity. Microreentry was unlikely as the mechanism of the IFM VAs because entrainment was not demonstrated and no abnormal ventricular electrograms suggesting reentry were recorded at the successful ablation sites. Therefore, the mechanism of the IFM VAs was similar to that of the other VAs originating from the RVOT. [1] [2] [3] [4] [5] The electrocardiographic characteristics of the IFM VAs were similar to those of idiopathic VAs originating from the free wall of the RVOT and the anterior to anteroseptal aspects of the TA. 6, [12] [13] [14] These results were consistent with the anatomic locations of those muscle bands. However, it was noted that the precordial transition during the IFM VAs was relatively early despite origins within the RV. In 20% to 30% of the idiopathic IFM VAs, a slow onset of the QRS complex was noted, suggesting a prolonged time for an activation to conduct from the VA origin to the Purkinje system, like VAs arising from epicardial origins. These findings might suggest a location of the VA origins that were deep relative to the endocardial surface of this thick muscular band.
During IFM VAs, a far-field ventricular electrogram with an early activation was always recorded in the HB region regardless of the location of the VA origin. This finding suggested that an activation from the + indicates present; LBBB, left bundle branch block; LIA, left inferior axis; LSA, left superior axis; MDI, maximum deflection index; P-L (A, S), the lateral (anterior, septal) portion of the parietal band; QRSd, QRS duration; QRS morph., QRS morphology; RIA, right inferior axis; S-A (B), the anterior (basal) portion of the septal band; and TZ, transition zone.
VA origin rapidly conducted along the PB and SB to the RV basal septum. Anatomically, the PB runs just above the anterior aspect of the TA and extends to the RV septum just above the HB region while the SB runs almost horizontally in the RV septum just above the HB region (Figures 1 and 5-7) . Because the PB and SB are large muscular bands, they are likely to exhibit an anisotropic conduction. The activation maps recorded during these VAs supported this mechanism ( Figure 5) . Therefore, the activation from the origin of the IFM VAs would likely conduct more rapidly in the longitudinal direction than in the perpendicular direction to the alignment of the PB and SB and activate the RV basal septum early. It has been reported that a far-field ventricular electrogram with an early activation is recorded in the HB region during idiopathic VAs originating from the right and noncoronary sinuses of Valsalva. [14] [15] [16] In addition, as mentioned above, the precordial QRS transition during the IFM VAs was relatively early. Therefore, when a far-field ventricular electrogram with an early activation is recorded in the HB region during idiopathic VAs, mapping of the IFMs should be performed before mapping within the aortic sinus cusps to identify the site of the VA origin. When activation mapping records a presystolic nearfield electrogram, and the precordial transition of the pace maps matches that of the VAs at the IFMs, those findings could exclude the possibility of left-sided VA origins.
The catheter ablation of the IFM VAs was always challenging, and a large amount of the radiofrequency energy delivery was required for a successful ablation. In addition, the recurrence rate was relatively high. These challenges in catheter ablation of the IFM VAs were common to idiopathic VAs originating from the other thick muscular structures, such as the papillary muscles 7, [17] [18] [19] [20] and moderator band. 8 First, it was difficult to maintain a stable contact of the ablation catheter on the IFM because of its round shape and motion with contraction. The special location just above the tricuspid valve added an impact to this challenge in the PB VAs. Second, the origins of the IFM VAs were likely to be located deep within these structures, requiring a deeper radiofrequency lesion for a successful ablation. Third, a preferential conduction from a single VA origin to multiple breakout sites + indicates present; −, absent; A (n), after the ablation (times); ABL, the successful ablation site; Acc., acceleration; FFP, far-field potential; HB, the His bundle region; P-L (A, S), the lateral (anterior, septal) portion of the parietal band; PM, pace map score; PP, pre-potential; Pref., preferential conduction; R, after the recurrence; RFa (d), radiofrequency application (duration); Rec., recurrence; S, spontaneous; S-A (B), the anterior (basal) portion of the septal band; and V-QRS, the local ventricular activation time relative to the QRS onset.
was likely to occur as evidenced by the fact that the IFM VAs often exhibited variable QRS morphologies spontaneously and after the initial ablation lesions. Although pace mapping is usually a useful guide to localize idiopathic VA origins, a discrete radiofrequency lesion at a site with an excellent pace map often failed to eliminate the IFM VAs. Instead, there was often a change in the QRS morphology after an radiofrequency application, suggesting that the site of the VA origin within the IFMs might be located away from the breakout site, which was recognized as the site with the best pace map. It was noted that a ventricular prepotential was recorded at the successful ablation site during the PVCs (arrow). It was also noted that a farfield ventricular electrogram preceding the QRS onset was recorded in the His bundle (HB) region during the PVCs (arrowheads). ABL indicates the ablation catheter; CS, coronary sinus; LAO, left anterior oblique view; and RAO, right anterior oblique view.
Study Limitations
In this study, the statistical analysis demonstrated no significant differences in the clinical, electrocardiographic, and electrophysiological characteristics between the PB and SB VAs. Because the number of study patients was small, the comparisons between the 2 groups might be considered as a reference, and further study would be expected in the future.
Conclusions
Idiopathic VAs originating from the IFMs were rare, and PB VAs were ≈3× as prevalent as SB VAs. The electrocardiographic characteristics of the idiopathic IFM VAs were similar to those of idiopathic VAs originating from the RVOT and anterior to anteroseptal aspects of the TA. However, the precordial transition was relatively early, and a slow onset of the QRS complex was often observed. During the IFM VAs, a far-field ventricular electrogram with an early activation was always recorded in the HB region regardless of the location of the VA origins likely because of the anatomic proximity of the IFMs to the HB region and anisotropic conduction along the IFMs. The catheter ablation of the IFM VAs was always challenging, requiring a large amount of radiofrequency energy delivery for a successful ablation with a relatively high recurrence rate, likely because of the location of the origin deep relative to the endocardial surface of the IFMs, difficulty in maintaining stable contact of the catheter tip at the IFMs, and preferential conduction from a single VA origin to multiple breakout sites.
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